Crustal configuration of the central Chugoku region with disposition of the Philippine Sea Plate (PHS) in this area are investigated through the receiver function approach using short-period Hi-net data. Images of the upper mantle discontinuities are also obtained. Restituted short-period receiver functions bring out discernible variations in average composition of the crust and its thickness in the study region. The Vp/Vs values in the study area are generally high, reaching values in excess of 1.85 at a few places. The central part of the study region showing the highest Vp/Vs values is coincidentally a subregion of least seismicity, possibly bestowed with special subsurface structure. Migrated receiver function images, both Ps and Pps images, unambiguously trace the NW subducting PHS taking a steeper plunge in the northwest part of the Chugoku region reaching depths of 70 km from its low dip disposition in the southeast. An excellent correlation of the subducting PHS with the hypocenters is also seen. We demonstrate that short-period data after restitution and application of appropriate low pass filters can indeed detect presence of the global 410-km and 660-km discontinuities and map their disposition reasonably well. Our migrated receiver functions image the deflections in the 410-km and 660-km discontinuities in an anti-correlated fashion on expected lines of Clapeyron slope predictions induced by subduction of the Pacific plate (PAC) beneath Japanese islands, though PAC itself is feebly traced but shows good correlation with slab seismicity.
Introduction
The Japanese islands are located in an acknowledged region of tectonic complexity encompassed by various convergent plate boundaries. Until recently most of the P-to-S migrated receiver function images beneath the Japanese islands focus on the structure of the mantle using broadband data from various networks. These bring out some details of the subducting Pacific plate (PAC) and the Philippines sea plate (PHS) that include their geometry; slab-mantle interaction; the underlying mantle stratification; nature disposition of the mantle transition zone etc. (Li et al., 2000; Tada, 2001; Yamauchi et al., 2003; Tonegawa et al., 2004) . Receiver function (RF) images that focus on the configuration of the subducting PHS in southwest Japan trace it rather well beneath Shikoku and Seto Inland Sea regions (Shiomi et al., 2004) but its detection further north into Chugoku region still remains ambiguous and weak. Reasons for an impeded or non-traceable PHS beneath Chugoku region remain unclear till knowledge of the sub-structure in this region vis-a-vis disposition of the PHS becomes available. Therefore, study of Chugoku region assumes importance in light of the above. Little attention is however paid to the composition-thickness of the crust and possible manifesCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
tations of mantle related processes in the overlying crust. Existing RF studies trace the Moho inland to be a weakly mapped feature due to its small P-to-S conversion efficiency except in northeast Japan where Moho is relatively sharp and continuous (Tada, 2001; Shiomi et al., 2004) . Variability in quality and clarity of the P and S multiple phases of the primary P-to-S (Moho) conversion is also observed. Consequently, estimates of Moho depth (H ) and Poisson's ratio (σ ) in an independent fashion using the Pto-S conversions from the Moho and its P multiple together with its S counterpart would be less accurate.
We selected 37 stations of the Hi-net, restricted to an area 133
• E/34
• N/135
• E/35.5
• N ( Fig. 1 ) in the central part of Chugoku region for few reasons. Firstly, this region seems to be less studied in terms of the underlying structure. The only earlier attempts, to our knowledge, using instrument corrected short-period RFs (Shiomi et al., 2004) and both short-period and broadband data (Tada, 2001 , Yamauchi et al., 2003 reveal a transparent crust in this region without even clear P-to-S signals from the Moho and Conrad, suggesting that the proposed study region may have small P-to-S conversion efficiency at these boundaries. Consequently, detection of the PHS and its disposition in the region remains obscure. Secondly, this small region is interestingly bestowed with least seismicity in an otherwise seismically prolific Japan accompanied by sparse volcanism. Therefore, it should be illuminating to understand the composi- G IO N   MIGH  KNBH   MABH  BSEH   HNSH  SETH  OKYH  AIOH  KKGH  JNSH   TKBH  KMGH  TTAH  SGUH  HKBH   YMSH  SGOH  NKOH  SYOH OHAH  KAMH   YBRH  HAGH  NITH  HINH  CHZH  KSBH  SNTH  HKTH   MZKH  SKGH  KWHH   IZSH  AKSH  MROH   KSIH tion the crust in such a special region that imparts both: apparent stability in terms of low seismicity and low P-to-S conversion efficiency. Thirdly, this exercise, though preliminary in nature, is also intended to study the power and limitations of short period (data) RFs and strategise effective ways and means to make better use of the large Hi-net data that are accruing to study the underlying structure.
The details of the P-to-S migrated broadband RF images of the subducting PAC and the PHS can be summarized as under. To the south, the PHS shows decipherable variability both in its direction (W-NW to near N-S) and steepness of subduction (dip angle ranges between a high 35
• to a shallow 10
• ) reaching variable depths (as high as 90 km) beneath the tectonically diverse sub-regions of the Japanese islands in the southwest, central and northeast. The subducting slab shows both aseismic and seismic character under these terrains at varying depths. The RF migrated images beneath the Japanese islands distinctly trace the westward rapidly descending PAC till about 200 km and document the deflections in the 410-km and 660-km discontinuities in an anticorrelated fashion on expected lines of Clapeyron slope predictions for subduction scenario. The PAC penetrates the 410-km elevating it locally by 30 km without large deviations elsewhere but varying in sharpness as evident from its frequency dependence which remains to be resolved as yet (Tada, 2001; Tonegawa et al., 2004; Yamauchi et al., 2003) .
Close to the study area, to the south, till the Seto Inland Sea the PHS is traced to depths of about 50-60 km showing good correlation with hypocenters in the region. Its traceability further, into northern Chugoku seems obscure and impeded. In this context, it should be rewarding to investigate the cause. It should be interesting to examine the disposition of the rapidly descending PAC in the study region using short-period records. The depth contours of PAC (Zhao et al., 1994) suggest that it reaches depths in excess of 400 km beneath the study region. An important question is whether the restituted short-period data is 'broadband' enough to pick signals from the subducting plate and is its contrast with the surrounding mantle at depths robust enough to be mapped by the shortperiod data. We attempt to present short-period P-to-S migrated sections discussing these aspects.
Data and Methods of Analysis
The RF method, a relatively modern tool to model the crustal structure beneath a station using teleseismic P waves, decomposes the wave field into its P, SV and S H components through rotation of the recorded threecomponent seismograms. This is accomplished using either the event azimuth (back-azimuth) information (Z, R, T system) and/or angle of incidence (L, Q, T system). Further, to isolate the P-to-S converted phases within the P coda, deconvolution is performed. Deconvolving the P from the SV component does this. Such a procedure also accounts for source related and common path effects. The resulting RFs now have information of the near-receiver structure thus enabling us to model the crust-mantle structure beneath a seismic station. In our study, we essentially follow the methods described by Vinnik (1977) and elaborated in Kind et al. (1995) to construct and treat RFs. In order to make recordings of different slowness comparable, we apply a moveout correction (Yuan et al., 1997) that reduces the RFs to a fixed slowness of 6.4 s/
• , corresponding to an epicentral distance of 67
• . Teleseismic earthquake data recorded at 37 threecomponent stations (Fig. 1 ) that belong to the Japanese Hinet network (Obara, 2002) equipped with ML4-3-D sensors with a natural period of 1s installed in boreholes were used. Their sensitivity is around 200 V/m/s. Details of instrumentation about this network can be obtained from Obara (2002) . A total of 818 RFs from 33 good quality stations generated by about 25 earthquakes well distributed in azimuth with high signal-to-noise ratio (SNR ≥ 3) were finally selected for analysis. In our study, the P-to-S converted signals (Ps phase) from any interface (e.g. Moho) with adequate velocity contrast, and their multiply reflected and converted waves between the surface and the interface, known as multiples (designated Pps, Pss) are used to determine the depth to the interface (e.g. Moho) and constrain the average Vp/Vs (related to σ ) of the intervening region.
Data from short period records are restituted and bandpass filtered. The range of band-pass period best suited for the data varies from a minimum of 2 or 3 s up to a maximum of 15 or 20 s. The resultant filtered RFs have come out with sharper Ps and multiple arrivals. A Ps moveout corrected slowness stack section for station KAMH, for both, the original RFs ( Fig. 2(a) ) and their restituted, filtered version ( Fig. 2(b) ) is presented. Data and plotting options remain same for both. The stacks binned in 0.2 s/
• slowness interval are presented using reasonably good data at this generally noisy station. Note that in the original data stacks, the crustal P and S multiples designated Pps and Pss respectively, are not obvious to recognise in the expected time window of their arrivals in view of competing arrivals in the vicinity of the actual multiple phases. In contrast, the Ps and its multiples appear as relatively clear and distinct phases after restitution and filtering ( Fig. 2(b) ). Such data can now be used to determine H -Vp/Vs values by methods like Zhu and Kanamori (2000) to obtain better-constrained crustal parameters. In this method, H and Vp/Vs are estimated by performing a grid search over a wide range of H and Vp/Vs values, to find the optimal values that maximize the summation of amplitudes of the Ps, Pps and Pss phases. The grid search scheme was employed over a depth range of 10-50 km and Vp/Vs range of 1.5-2.5 adopting standard weights of 7, 2, and 1 for the Ps, Pps and Pss phases respectively to recover the crustal parameters from the RFs at each station. In this study, we assume a uniform average Vp value of 6.3 km/s for the whole crust beneath all the stations.
To enable appreciate the quality of data used in determination of H -Vp/Vs values; we present slowness stack (binned in 0.2 s/
• slowness interval) sections at a few individual stations (Figs. 3(a)-(f) ). These Ps moveout corrected restituted sections for stations are selected to sample various segments of the study area and also to represent acceptable quality of the crustal multiples used in further analysis. The sections presented reflect the quality of their observations. The Ps, Pps and Pss phases are marked in the sum traces. Note that the multiples have an opposite move-out compared to the Ps phase as seen earlier in Fig. 2 . This behaviour of multiples is another diagnostic to recognise them. Each station stack section is low-pass filtered applying 2 s period filters for purposes of presentation. Stations KSIH, TAMH, AKSH and SKGH yield unusable data for any further analysis. Further, to assess data quality at all stations, the sum traces of individual stations covering both the Ps arrival window and those of multiples are presented in Figs. 4(a)-(c) . In view of importance of multiples in H -Vp/Vs determination by the grid search method, these parameters are not determined for stations JNSH, NITH, KMGH and KSBH either due to very weak registration of multiples and/or Ps phase. Slowness stack sections at a few sample individual stations. These restituted sections for stations are selected to sample few parts of the study area and also to represent acceptable quality of the crustal multiples used in further analysis. The sections presented reflect the quality of their observations and their choice is deliberate in that aspect. The Ps and Pps, Pss phases are marked in the sum traces. Note that the multiples have an opposite moveout compared to the Ps phase. This behaviour of multiples is another diagnostic to recognise their presence. Each station stack section is low-pass filtered applying 1.5 to 3 second period filters of various orders (1 to 3) for purposes of presentation.
Results and Discussion

Crustal thickness and Poisson's ratio
Recognising that the study region could generally be complex in nature owing to its unique tectonic setting, variation in crustal thickness and Vp/Vs are expected to be large. The standard bootstrap technique is used to estimate the uncertainty in the H and Vp/Vs parameters. In this approach data sets are constituted by randomly picking samples from the original data pool, and subjected to the grid search analysis for determination of H -Vp/Vs parameters. This operation is performed 200 times for each station. The resultant average model parameters H and Vp/Vs along with their scatter are presented in Table 1 . It can be seen that the spread in the estimates of the parameters shows reasonable correlation with the quality of registration of the Ps and multiple phases. Stations JNSH, NITH are omitted from analysis (see Fig. 4 ) either due to poor phases (Ps or Pps or both) or complicated nature of the traces (multiple arrivals close to Ps or Pps times). Station KSIH is also omitted from the initial analysis because of its noisy character. Estimates at HKBH could be off due to not so energetic Pps phase (see Table 1 ). Stations TAMH, SKGH and AKSH are omitted from initial analysis for same reasons as KSIH, while stations KMGH and KSBH are found not fit for grid-search analysis due to reasons cited for JNSH and NITH. In general, stations of better quality (A, B in Table 1) The Chugoku region is generally characterised by H values centered on 35 km with Vp/Vs values in excess of the global average of 1.79 (Zandt and Ammon, 1995) . Interestingly, good quality stations underlain by a thick crust yield Vp/Vs values close to 1.78, indicating their predominantly felsic character. A northward thinning of the crust (to about 30 km) associated with high (1.85 and above) Vp/Vs values can be observed (Figs. 6(a) and (b) ). Except in the SW (2000) approach was employed over a depth range 10-50 km and Vp/Vs range 1.5-2.5 adopting the standard weights of 7, 2, 1 for the Ps, Pps and Pss phases to recover the crustal parameters from the constructed RFs. (Fig. 7) on our Vp/Vs map. The most glaring feature is association of least seismicity with the central part of the study area characterised by the highest Vp/Vs (clearly in excess of 1.89) values and restriction of earthquakes to its periphery. Most of the seismicity in the entire region is generally in close proximity to stations that show high (yellow, 1.79-1.89) Vp/Vs values with a few exceptions though (Fig. 7) . This general lack of seismicity in this central part could have a potential causal link to the phenomenon of earthquake occurrence or its absence, a topic of interest to many in Japan. A possible explanation for the decreased prolificacy of seismicity could be that the regional stresses do not transmit into this anomalous part, with the peripheral faults associated with higher seismicity acting as "stress-barriers". Interestingly, continuous GPS array results show very little deformation in the Chugoku region (Sagiya et al., 2000) that perhaps explains its observed aseismic character. But the apparent correlation between the high Poisson ratio and seismicity remains inexplicable.
2-D migrated images
The tectonic setting of the Japanese islands suggests presence of subducting PHS and PAC plates to the NW and west respectively. The steeply subducting PAC is traced quite reliably till about 600 km (Zhao et al., 1994) beneath most parts of Japan using broadband data (Tonegawa et al., 2004) , while short period results (e.g. Yamauchi et al., 2003) remain silent about it. Interestingly, the northwestward shallow subducting PHS plate that is traced reasonably well in some regions of Japan using above-mentioned short period data, becomes barely visible beneath the study region (Yamauchi et al., 2003; Shiomi et al., 2004) . Contrastingly, the broadband images concede that this PHS cannot be seen clearly due to the relatively long period nature of this data (Tonegawa et al., 2004) . Therefore, presence of the PHS plate and its disposition in the study region remains ambiguous.
The RFs of restituted data from all the stations were transformed into the depth domain by back-projecting the energy to their corresponding conversion points along their paths, using the IASP91 standard velocity model. This migration is performed by treating all the energy as Ps conversions at discontinuities beneath the stations. To enhance the spatial coherence of the converted phases, these amplitudes corresponding to different depth-offsets are subsequently projected onto a 2D reference plane. The optimal choice of this plane is based on the subsurface geometry, station disposition and pierce point distribution. The backprojected amplitudes of the RFs falling in a spatial grid are stacked and plotted using a colour scheme where red represents a positive polarity and blue indicates a negative one (e.g. Li et al., 2000; Yuan et al., 2000) . In principle, in the same way one could obtain migrated sections using multiple phases (Pps, Pss etc) also to map the Moho, subducting plate etc.
In this study we used a grid size of 2 × 2 km in the depth range 0-125 km to obtain a relatively high-resolution image of the central Chugoku region along NW-SE direction; starting point: 36
• N-133
• E and end point: 34
• W; (Fig. 8(a) ). We studied the depth domain RFs Fig. 8 . Ps and Pps migrated images of the PHS. The location of the cross-section (NWSE) for these images is shown by solid line in Fig. 1 . In order to enable us to trace the postulated W-NW subducting PHS in southwest Japan, and also capture signatures of the westward dipping PAC in the deeper domains, we obtained 2-D migrated images of the RFs in the study region. To image the shallow dipping PHS we use a finer grid size of 2 × 2 km. We obtain two NW-SE sections; one (a) assuming all the later arriving phases to be P-S conversions from depth interfaces and second (b) as Pps multiple (P multiple of the converted phase). The PHS dipping NW is confirmed by its presence in the Ps and Pps images acquiring a steep dip northwestwards reaching depths clearly in excess of 65 km. The seismicity plotted in green also traces the PHS. The Moho in the study region is relatively sharp in the NW and central parts compared to SE.
in the NW-SE cross-section applying various long period filters (2 s, 3 s and 5 s low pass) as well. The robust feature in the migrated sections is the northwest descending PHS with a low dip angle in the southeast part (at depth about 40 km) that becomes steeper further northwest reaching depths to about 70 km. Interestingly, the Moho in the northwest part is clear and is around 30-35 km which is weakly mapped further south and is barely visible in the SE. These features are also indeed reflected in the migrated sections using multiple phases (e.g. Pps, Fig. 8(b) ), imparting the desired unambiguity in tracing the PHS that remained largely elusive. Both these features, though reported earlier (e.g. Yamauchi et al., 2003) , are more robust and less ambiguous in our migrated images. Earlier, the leading edge of the W-NW subducting PHS is traced at a depth of 50-60 km, sub-parallel to 34.0
• N close to the Seto inland sea landward (Nakamura et al., 1997) .
Using the same procedure, we obtained migrated images of the upper mantle for the depth range 200-800 km using a grid size of 5 × 5 km. We applied a 3 s low pass filter and used a spatial smoothing filter of 5 km (e.g. Li et al., 2000; Yuan et al., 2000) to enhance correlation in the mantle images (Fig. 9) . The main features with some correlation in the migrated sections are presence of a) a band of positive amplitudes with clear horizontal coherence around 300 km, b) a slightly elevated 410-km centered around 400 km, c) strong band of energy closer to 700 km corresponding to the depressed 660-km discontinuity, showing deepening effect due to subduction d) indications of a westerly subducting PAC starting from 300 km traceable to about 500 km as intermittent red patches of energy.
The above observations, an elevated 410-km and a de- pressed 660-km, document the deflections in the 410-km and 660-km discontinuities in an anti-correlated fashion on expected lines of Clapeyron slope predictions induced by subduction of the PAC beneath Japanese islands (e.g., Katsura and Ito, 1989; Ito and Takahashi, 1989) . Depth contours of the PAC suggest that this westerly subducting plate is expected to be seen between 300 km-550 km in the study region (Zhao et al., 1994) . Such a westerly dipping feature corresponding to the subducting PAC is feebly traced from 300 km to about 550 km (Fig. 9) . It is important to mention that short period RFs yield clear and robust images of the subsurface till 100-150 km as seen above. On the other hand, the global discontinuities of the upper mantle though mapped remain relatively poorly resolved, as the data is not "broad" enough to capture their signatures more clearly. Presence of the subducting PAC appears suggestive rather than conclusive. One reason could be that the velocity contrast between the PAC and the surrounding mantle at those depths is not sharp and big enough to get reflected in short-period RFs. Another could be that use of limited number of events and stations in this study makes detection of PAC difficult. In general, tracing of slabs beyond 150-200 km by RFs is seldom possible because of above cited reasons. Interestingly, even broadband data from Japan trace the westward subducting PAC feebly and intermittently till depths as large as 350 km to about 550 km beneath the study region. The PAC is weakly mapped in the west compared to its continuous and sharper image till about 200 km in the northeast Japan (Zhao et al., 1994; Tonegawa et al., 2004) .
Conclusions
In conclusion, a) restituted short period RFs can be used to estimate the crustal thickness (H ) and Poisson ratio (σ ) due to improved quality of the multiple phases (Pps, Pss), b) The Chugoku region has discernible variations in average composition of the crust and its thickness, c) The subducting PHS plate is unambiguously traced beneath Chugoku region reaching depths of about 70 km using short-period migrated RFs, d) Short-period RFs, in general, do not resolve the deeper domains of the upper mantle with desirable resolution though the global discontinuities can be mapped, e) Presence of the subducting PAC slab at depths 300-550 km beneath Chugoku region is only suggestive but not conclusive.
